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EXECUTIVE SUMMARY

Driven piles are the most common foundation solution used in bridge construction across the
U.S. (Paikowsky et al., 2004). The major problem associated with the use of deep foundations is
the ability to reliably verify the capacity and the integrity of the installed element in the ground.
Dynamic analyses of driven piles are methods attempting to obtain the static capacity of a pile,
utilizing its behavior during driving. The dynamic analyses are based on the premise that under
each hammer blow, as the pile penetrates into the ground, a quick pile load test is being carried
out. Dynamic equations (aka pile driving formulas) are the earliest and simplest forms of
dynamic analyses. MnDOT used its own pile driving formula; however, its validity and accuracy
has never been thoroughly evaluated. With the implementation of Load Resistance Factor Design
(LRFD) in Minnesota in 2005, and its mandated use by the Federal Highway Administration
(FHWA) in 2007, the resistance factor associated with the use of the MnDOT driving formula
needed to be calibrated and established.

Systematic probabilistic-based evaluation of a resistance factor requires quantifying the
uncertainty of the investigated method. As the investigated analysis method (the model) contains
large uncertainty itself (in addition to the parameters used for the calculation), doing so requires:

(1) Knowledge of the conditions in which the method is being applied, and
(i1) A database of case histories allowing comparison between the calculated value to one
measured.

The first phase of the research addressed these needs via:

(1) Establishing the MnDOT state of practice in pile design and construction, and
(i) Compilation of a database of driven pile case histories (including field measurements and
static load tests to failure) relevant to Minnesota design and construction practices.

The first phase of the study was presented in a research report by Paikowsky et al. (2009). Phase
I concentrated on establishing MnDOT practices, developing databases related to these practices
and examining different dynamic equations as well as developing new equations. The proposed
resistance factors developed in Phase I for the driving of pipe piles were assessed to be
conservative in light of the MnDOT traditional design and construction practices, and hence,
Phase II of the research was initiated.

Phase II of the study was established to:

1. Re-evaluate resistance factors for the Load Resistance Factor Design (LRFD)
implementation as obtained in the Phase I study,

2. Examine other dynamic pile driving formulae and other Midwest states practices,

3. Recommend to MnDOT an appropriate formula (and associated resistance factors) for
implementation,



4. Examine the recommended formula in use with timber and prestressed precast concrete
piles,

5. Examine WEAP analyses procedures for MN conditions and recommend procedures to
be implemented, and

6. Examine load test procedures, interpretations and submittals.

The operative findings in Phase II relevant to the dynamic pile formula to be used by the
MnDOT are the following:

1. The final formulation known as MPF12 (Minnesota Pile Formula 2012) that was adopted
for use:

WXH

1,000 X 10g (?)

where R, = nominal resistance (tons), H = stroke (height of fall) (ft), W = weight of ram
(Ibs), s = set (pile permanent displacement per blow) (inch). The value of the energy

R, =20

(W-H) used in the dynamic formula shall not exceed 85% of the manufacturer’s
maximum rated energy for the hammer used considering the settings used during driving.
2. The MPF12 is to be used with the following resistance factors (RF) in order to obtain the
factored resistance:
R, = ¢ X Ry

For pipe and concrete piles, ¢ = 0.50, 2 < BC < 15BPI
For H piles, ¢ =0.60, 2 < BC < 15BPI
3. The MPF12 recommended for timber piles is:

WxH 10
Ry =10 1000 * log (?)
Where ¢ =0.60
4. Although the equations were developed for hammers with Eh < 165 kip-ft, its use should
be applicable for hammers with higher energies but this was not verified directly in the
study.

The independent examination of the developed equations against an independent data, dynamic
measurements in MN and load tests conducted by the MnDOT, affirmed the effectiveness and
accuracy of the proposed equations. Further monitoring and calibration is recommended by
following the outcome of piles installed during construction, utilizing dynamic measurements
and conducting static load tests for MnDOT typical design practices.



1 BACKGROUND

1.1 Resistance Factor for MnDOT’s Pile Driving Formula — Phase | Study

Driven piles are the most common foundation solution used in bridge construction across the
U.S. (Paikowsky et al., 2004). The major problem associated with the use of deep foundations is
the ability to reliably verify the capacity and the integrity of the installed element in the ground.
Dynamic analyses of driven piles are methods attempting to obtain the static capacity of a pile,
utilizing its behavior during driving. The dynamic analyses are based on the premise that under
each hammer blow, as the pile penetrates into the ground; a quick pile load test is being carried
out. Dynamic equations (aka pile driving formulas) are the earliest and simplest forms of
dynamic analyses. MnDOT uses its own pile driving formula; however, its validity and accuracy
has never been thoroughly evaluated. With the implementation of Load Resistance Factor Design
(LRFD) in Minnesota in 2005, and its mandated use by the Federal Highway Administration
(FHWA) in 2007, the resistance factor associated with the use of the MnDOT driving formula
needed to be calibrated and established.

Systematic probabilistic-based evaluation of a resistance factor requires quantifying the
uncertainty of the investigated method. As the investigated analysis method contains large
uncertainty itself (in addition to the parameters used for the calculation), doing so requires: (i)
Knowledge of the conditions in which the method is being applied, and (ii) A database of case
histories allowing comparison between calculated and measured values.

Phase I of the research addressed these needs via: (i) Establishing the MnDOT state of practice in
pile design and construction, and (ii) Compilation of a database of driven pile case histories
(including field measurements and static load tests to failure) relevant to Minnesota design and
construction practices.

Establishing the MnDOT state of practice in pile design and construction was achieved by
conducting: review of previously completed questionnaires, review of the MnDOT bridge
construction manual, compilation and analysis of construction records of 28 bridges, and
interviews with contractors, designers, and DOT personnel.

Compilation of a database of driven pile case histories included field measurements and static
load tests to failure relevant to Minnesota design and construction practices. Based on the
analyzed bridges, the majority of the Minnesota recently constructed bridge foundations
comprised of Closed-Ended Pipe (CEP) and H piles. The most common CEP piles are 12" x 0.25
and 16" x 0.3125, installed as 40% and 25% of the total number of CEP compiled in the dataset.
The most common H pile is 12 x 53 used in 57% of the total number of H piles compiled in the
dataset. The typical CEP is 12" x 0.25, average length is 70 ft long and carries 155 kips (average
factored load). The typical H pile is 12 x 53, 40 ft long and carries 157 kips. The piles are driven



by diesel hammers ranging in energy from 42 to 75 kip/ft. with 90% of the piles driven to or
beyond 4 Blows Per Inch (BPI) and 50% of the piles driven to or beyond 8 BPI. Updated data
statistics developed in Phase II of the study (presented in Chapter 3) refers to projects around
Minneapolis where the most common piles were CEP 16” x 0.3125 and 16" x 0.25 installed at
34% and 21% of the total number of CEP piles compiled in that database. These values are
somehow different from the statistics presented in Phase I report, which is more applicable to the
entire state.

Large data sets were assembled, answering to the above practices. As no data of static load tests
were available from MnDOT, the databases were obtained from the following: (i) Relevant case
histories from the dataset PD/LT 2000 used for the American Association of State Highway and
Transportation Officials (AASHTO) specification LRFD calibration (Paikowsky and Stenersen,
2000, Paikowsky et al., 2004) (i1) Collection of new relevant case histories from DOTs and other
sources.

In total, 166 H pile and 104 pipe pile case histories were assembled in the MnDOT LT 2008
database. All cases contain static load test results as well as driving system and, driving
resistance details. Fifty three percent (53%) of the H piles and 60% of the pipe piles in dataset
MnDOT LT 2008 were driven by diesel hammers.

The static capacity of the piles was determined by Davisson’s failure criterion, established as the
measured resistance. The calculated capacities were obtained using different dynamic equations,
namely, Engineers News Record (ENR), Gates, Modified Gates, WSDOT, and MnDOT. The
statistical performance of each method was evaluated via the bias of each case, expressed as the
ratio of the measured capacity over the calculated capacity. The mean, standard deviation, and
coefficient of variation of the bias established the distribution of each method’s resistance.

The distribution of the resistance along with the distribution of the load and established target
reliability (by Paikowsky et al. 2004 for the calibration of the AASHTO specifications) was
utilized to calculate the resistance factor associated with the calibration method under the given
condition. Two methods of calibration were used: MCS (Monte Carlo Simulation), using
iterative numerical process, and FOSM (First Order Second Moment), using a closed form
solution.

The MnDOT equation generally tends to over-predict the measured capacity with a large scatter.
The performance of the equation was examined by detailed subset databases for each pile type:
H and pipe. The datasets started from the generic cases of all piles under all driving conditions
(258 pile cases) and ended with the more restrictive set of piles driven with diesel hammers
within the energy range commonly used by MnDOT practice and driving resistance of 4 or more
BPI. The 52 data sub-categorizations (26 for all driving conditions and 26 for EOD alone) were
presented in the form of a flow chart along all statistical data and resulting resistance factors.
Further detailed investigations were conducted on specific subsets along with examination of the



obtained resistance distribution using numerical method (Goodness of Fit tests) and graphical
comparisons of the data vs. the theoretical distributions.

Due to the MnDOT dynamic equation over-prediction and large scatter, the obtained resistance
factors were consistently low and a resistance factor of ¢ = 0.25 was recommended to be used
with the original equation, for both H and pipe piles. The reduction in the resistance factor from
¢ = 0.40 currently in use, to ¢ = 0.25, reflects a significant economic loss for a gain in a
consistent level of reliability. Alternatively, one can explore the use of other pile field capacity
evaluation methods that perform better than the currently used MnDOT dynamic equation, hence
allowing for higher efficiency and cost reduction.

Two approaches for remediation were presented. In one, a subset containing dynamic
measurements during driving was analyzed, demonstrating the increase in reliability when using
dynamic measurements along with a simplified field method known as the Energy Approach.
Such a method requires field measurements that can be accomplished in several ways.

An additional approach was taken by developing independently a dynamic equation to match
MnDOT practices. A linear regression analysis of the data was performed using a commercial
software product featuring object oriented programming. The simple obtained equation (in its
structure) was calibrated and examined. A separate control dataset was used to examine both
equations, demonstrating the capabilities of the proposed new MnDOT equation. In addition, the
database containing dynamic measurements was used for detailed statistical evaluations of
existing and proposed MnDOT dynamic equations, allowing comparison on the same basis of the
field measurement-based methods and the dynamic equations.

Finally, an example was constructed based on typical piles and hammers used by MnDOT. The
example demonstrated that the use of the proposed new equation may result at times with
savings and at others with additional cost, when compared to the existing resistance factor
currently used by the MnDOT. The proposed new equation resulted in consistent savings when
compared to the MnDOT current equation used with the recommended resistance factor
developed in this study for its use (¢ = 0.25).

1.2 Research Objectives

1.2.1 Overview

The first phase of the study concentrated on establishing MnDOT practices, developing
databases related to these practices and examining different dynamic equations as well as
developing new equations. The proposed resistance factors developed in Phase I for the driving
of pipe piles were assessed to be conservative relevant to the traditional design practices, and



hence, Phase Il was initiated in order to examine other practices, review MN related data and re-
examine target reliabilities and associated resistance factors.

1.2.2

Concise Objectives

Phase II of the study was established to:

1.

6.

1.2.3

Re-evaluate resistance factors for the Load Resistance Factor Design (LRFD)
implementation as obtained in the Phase I study,

Examine other dynamic pile driving formulae and other Midwest states practices,
Recommend to MnDOT an appropriate formula (and associated resistance factors) for
implementation,

Examine the recommended formula in use with timber and prestressed precast concrete
piles,

. Examine pile hammer qualification and WEAP analyses procedures for MN conditions

and recommend procedures to be implemented, and
Examine load test procedures and interpretations.

Specific Tasks

The following task numbering follows by and large the awarded research contract with the
exception of renumbering for chronological clarity.

Task 1:

1.

Task 2:

1.

Review Alternate Formulas and Construction Pile Practices in Midwest States

Summarize the practices, developments and major findings of the pile driving formulae
developed by Wisconsin DOT, Illinois DOT, Iowa DOT, Gates (1957) and FHWA
Modified Gates (1982).

Evaluate data related to other DOT’s including data used by Long et al. (1007, 2009),
Iowa (charts and current research), Flaate (1964), Olson and Flaate (1967), databases, and
other available data sources. Examine the performance of the above equations using
MnDOT/LT2008 databases. This examination includes statistical analysis breakdown
according to pile type, hammer type, energy level and driving resistances, presented in
the form of tables and flow charts.

Evaluation of Bridge Office Field Data

Evaluate along with MnDOT personnel, the databases used in the development of the
above equations in comparison with MnDOT practice as established by Phase I study
(Paikowsky et al., 2009) emphasizing data for which energy is available.

Analyze construction data (gathered in MnDOT bridge projects) utilizing the various
aforementioned methods along with their calibrated resistance factors and those
recommended in Phase I of the study (Paikowsky et al., 2009).



Task 3:  Back Analysis

Analyses of the information gathered in Tasks 1 and 2 in order to identify resistance factors and
risk associated with maintaining the current MnDOT practice (i.e. MnDOT driving equation and
R.F. =0.4) implemented with the methods investigated in Tasks 1 and 2.

Task 4:  Recommend Appropriate Hammer Qualification

1. Establish effective and nominal hammer qualifications based on the statistics presented in
Tasks 1 and 2.

2. Perform Wave Equation (WEAP) analyses examining the typical pile sizes, loads and
hammers used on MnDOT bridge projects.

3. Compare the data obtained from dynamic measurements or MnDOT projects to the
information above.

4. Establish hammer qualification specifications based on the information gathered in steps
1 to 3.

Task 5:  Field Testing

Load test data interpretation, analysis and implementation as requested by the Load Testing
Program Development project conducted by MnDOT. The extent of involvement will be
determined by the MnDOT liaison for this project.

Task 6:  Examine the recommended MnDOT Dynamic Equation (MPF12) for Timber and
PPC Piles

1. Search, identification and analysis of data to build a dataset of timber piles driven and
static load tested.

2. Search, identification and analysis of data to build a dataset of PPC piles driven and static
load tested.

3. Analyze the databases and recommend the MPF12 implementation and associated
resistance factors for Timber and PPC piles.

Task 7:  Static Pile Load Test — Procedures, Interpretation and Specifications

1. Examine methods to conduct and interpret axial static pile load tests on driven piles.

2. Outline detailed procedures (chose selected procedures from ASTM, DOTs and
researchers own developments).

3. Detail interpretation procedures.

Task 8:  WEAP — Outline Details of Requirements for Submittal and Procedures for
Modifications Once Dynamic Measurements are Available.

1. Run WEAP analyses for a set of typical hammer/piles/soil combinations for MN
conditions.



2. Detail what kind of analyses needs to be performed as required submittal for DOT
authorization. This includes the study of the subsurface, evaluation of possible ranges of
pile lengths and soil parameters. Determine what type of tables should be built to cover
possible results. Provide a detailed example showing what ‘typically’ is submitted, what
we specify and the consequences for the difference so contractors also understand the
importance of the requirement for their advantage.

3. Ways to get information from signal matching and update the WEAP based on field
observations of energy, blow count, etc.

Task 9:  Final Report — This task includes the development and submittal of the draft final
report. The project team will incorporate the technical and editorial review comments from the
review process into the report, as appropriate. The report will then be submitted to the MnDOT
for publication.

1.3 Manuscript Outline

Background information dealing with the project, research objectives and research execution are
presented in Chapter 1. Chapter 2 establishes alternate formulas and the MnDOT state of
practice, being in line with Task 1. The developed databases and their investigation for their
relevance to MnDOT practices are presented in Chapter 3 being in line with Task 2. The first and
second stage analysis of the databases presented in Chapter 3 relate to Tasks 3 and 4 as the
analyses presented followed by LRFD calibrations. Chapter 3 also compares different methods’
performance including those based on dynamic measurements. Chapter 4 presents the
development of an independent MnDOT dynamic equation, its evaluation and re-evaluation. The
application of the new MnDOT dynamic equation to precast concrete piles is presented in
Chapter 5. Chapter 6 presents the application of the new MnDOT dynamic equation to timber
piles. Both Chapters 5 and 6 address Task 6. The Minnesota load testing program established to
answer Task 5 is presented in Chapter 7. WEAP analysis and dynamic measurements as
compared to the new MnDOT dynamic equation is presented in Chapter 8, addressing Task 8.
Chapter 9 establishes the static load test procedures and specifications as pertain to the MnDOT,
answering Task 7. Chapter 10 summarizes the findings, conclusions and presents the
recommendations of this research study.



2 REVIEW ALTERNATE FORMULAS AND CONSTRUCTION PILE
PRACTICES IN MIDWEST STATES

2.1 Overview

The first task of the research was achieved by a review summarizing the practices, developments
and major findings of the pile driving formulae in the Midwest states. Development by Illinois
DOT (Long et al., 2009a), Wisconsin DOT (Long et al., 2009b), lowa DOT (charts and ongoing
research at lowa State University), Washington DOT (Allen, 2005), Gates (1957) and Modified
Gates (1982) were conducted. The summary in Table 1 outlines findings and sources of research
material used in the review. The following sections present the summaries with critical review.

2.2 Ilinois Department of Transportation — Long and Maniaci (2000)

2.2.1 Overview

Long and Maniaci (2000) presented a report to IDOT for the design of friction bearing piles in
which a large database was collected and investigated. The databases included those developed
originally by Flaate (1964), Olson and Flaate (1967), Fragaszy et al. (1988), Paikowsky et al.
(1994), Davidson and Townsend (1996), and by the Federal Highway Administration (FHWA
Rausche et al., 1996). An additional database reporting cone penetration tests (Eslami, 1996) was
also investigated. The report focused on six methods that used driving resistance to predict pile
capacity: the Engineering News (EN) formula, the Gates formula, the Wave Equation Analysis
Program (WEAP), The Pile Driving Analyzer (PDA), the Measured Energy Method, and the
Case Pile Wave Analysis Program (CAPWAP).

The first three methods estimate pile capacity based on field observations of driving resistance
(i.e. blow count), hammer stroke, pile type and soil type, applying this information to a
relationship developed between capacity and driving resistance. The last three methods (PDA,
Measured Energy Method, CAPW AP), require measurements of the variation of force and
velocity with respect to time during driving (under each blow) and their interpretation. The
methods reviewed by Long and Maniaci (2000) make use of the pile behavior, at the end of
driving (EOD) or beginning of restrike (BOR). When it is possible and practical, re-striking the
pile is a prudent procedure since time effects can influence significantly the final pile capacity.
Typically, due to a tight construction schedule, it is common to restrike the pile after 24 hours
only; however, a longer time may be required for fine-grained soils to allow development of full
set-up conditions (FHWA, 1995).



Table 1. Construction pile evaluation practices Midwest states (May 2010 with updates)

State Contact Person Material Findings Comments
Bill Kramer 1. Report R27-24 1. H pile (~60%), Pipe pile (~38%) 1. Original study budget $150,000
217-782-1224 “Evaluation/Modification of 2. ENR until 2006 2. New research “Improving IDOT Pile
William.Kramer@illinois.gov IDOT Foundation Piling 3. Mod. Gates with ¢$=0.50 (arbitrary) Design Procedure through Dynamic
Design and Construction 2007-2009 and Static Test Data Analysis”, using
. Policy”, Long, Hendrix and 4. Long study tried to develop mainly PDA, is currently under way
S Baratta, Jan 2007 to March independent equation but it was not $300,000 budget.
= 2009, 204pp. working well (B.K. believes the 3. Third phase to start at the present time
- 2. Bridge Manual directions. budget was limited). They therefore (update by B.K., Aug. 2011)
3. Proposal for new research decided to use WS-DOT but just
4. Various inspection and started to check its performance with
relations for evaluation. the new study (see comments) with
purchasing a PDA.
Robert Stanley 1. Design Charts based on load 1. H pile (80-90%), All others including | 1. Engaged with Iowa State University in
515-239-1026 test interpretations (300 drilled shafts 10-20%, do not use Pipe a research project to examine the
Robert.Stanley@dot.lowa.gov carried out over 20 years ago). piles. Drive with diesel hammers. design charts, LRFD application and
2. Possible data from lowa state | 2. Did not start to implement LRFD yet. conduct load tests.
o [Ahamad Abu-Hawash research that is planned to be | 3. Pile design is based on the charts. 2. Research includes 10 static L.T. mostly
% 515-239-1393 completed by year end. Construction runs WEAP on every as part of construction with a load
~ |Ahmad.Abu-Hawash@dot.iowa.gov | 3. Bridge Manual. hammer submittal using that WEAP in frame available from a previous work.
the field. Total budget $700,000
4. PDA used by construction (own one) | 3. Update from Prof. M. Sulliman and S.
whenever needed but not routinely. Sritharan on Feb. 20, 2011 that
database is accessible.
Robert Andorfer 1. “Comparison of Five Different | 1. H piles (75%) 10x42, 12x53; Pipe 1. The research was an “experience”,
608-243-5993 Methods for Determining Pile piles — closed ended (25%) 10% — aware of the differences between H
£ Robert.Andorfer@dot.state. wi.us Bearing Capacities”, report by 12% and Pipe piles (budget was $30,000 as
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To estimate the ultimate capacity, Q,, of a pile under axial load, the sum of the pile tip capacity,
Qp, and the shaft capacity, Qs, was used by Long and Maniaci in the format traditionally being
presented:

Qu:Qp+Qs (1)

Equation (1) can be further broken down as follow:
Qu=(qp *Ap-W) + X1, fsiCili (2)

Where q, = bearing capacity at the pile’s tip, A, = area of pile tip, W = weight of pile,
fs=ultimate skin resistance per unit area of pile shaft segment i, C;, = perimeter of pile segment i,
Ii= length of pile segment i, and n number of pile segments

In order to evaluate the ultimate pile capacity, the magnitude f for each pile segment and the pile
tip resistance g, must be estimated. Most of this information is based on empirical methods,
derived from correlations of measured pile capacity with soil data.

The dynamic formulae are an energy balance equations which relate the energy delivered by the
pile hammer to the work produced during pile penetration. The dynamic formulae are expressed
in equations of the following form:

eWH =Rs 3)

Where e= efficiency of hammer system, W= ram weight, H= ram stroke, R= pile resistance, and
s= pile set (pile displacement per hammer blow). The pile resistance, R, is assumed to be related
directly to the ultimate capacity, Q,.

Dynamic formulae provide a simple method to estimate pile capacity; however, there are several
shortcomings associated with their simplified approach (FHWA, 1995):

e Dynamic formulae focus only on the kinetic energy of driving, not on the driving system,

e Dynamic formulae assume constant soil resistance rather than a velocity dependent
resistance, and

e The length and axial stiffness of the pile are ignored.

Two techniques were used to identify how well predicted pile capacity agreed with measured
pile capacity. The first is a graphic representation of predicted capacity versus the measured
capacity both on a logarithmic scale. Such scatter grams allow visualizing and determining
trends for the predictive method like over or under predicted capacity, also the scatter exhibited
by the plot indicates the reliability of the method to predict capacity. For this purpose, a table of
fictitious load test results was created and those results plotted using two different methods of
prediction (Figure 1). The use of a logarithmic scale by Long and Maniaci (2000) creates a visual



distortion of the match between measured to calculated values and the viewer needs to be aware
of that when examining such presentation.

The second technique uses statistical methods to quantify the degree of agreement between
predicted and measured capacity for a specific method. The statistical analysis used by Long and
Maniaci was done with the relationship between predicted values versus measured values
(Qp/Qm). Bias and precision, were used as two simple statistical parameters for defining a
method’s ability to predict capacity. Bias is the systematic error between the average ratio of
Qp/Qm and the ideal ratio of Q,/Qn (Which is unity). Statistically, the bias can be estimated with a
sample mean. Precision is the scatter or “variability of a large group of individual test results
obtained under similar conditions” (ASTM C670-90a, 1990). Statistically variability can be
estimated with a sample standard deviation. The distribution Q,/Qy, is log-normal (Cornell,
1969). A log-normal distribution means that the values of In (Q,/Qm) are normally distributed.
Accordingly Long and Maniaci (2000) estimated the mean and standard deviation for the In
(Qp/Qm) for the predictive measures as a method to assess the bias and precision.

It should be noted that Long and Maniaci (2000) presented the bias ratio as that of predicted
value over measured value, opposite to the common way, and hence, required at the end of their
report to re-evaluate the reversed ratio (correct bias) to be used in their calculations. As will be
detailed at a later stage (section 2.3.7), this reversed ratio affected our ability to compare the data
used for analyzing Mn DOT Phase I study to that presented by Long and Maniaci (2000) and
Long et al. 2009a,b.

The analyses of the load test databases were investigated separately and together to identify the
effects of using EOD data versus BOR data to estimate capacity. The results from cone
penetration methods were compared with those obtained using driving data. The Gates equation
was investigated further and modifications to improve the equation were provided.

2.2.2 Databases Summary

2.2.2.1 Flaate, 1964

The pile load test data used by Flaate represents pile types and installation methods related to the
period of time that pre-dates 1964. The Flaate (1964) database includes, pile types and
installation methods that are no longer common in today’s practice, hence, these data bias the
result of the general database (Long and Maniaci, 2000). For example, several of the pile load
tests in the Flaate database were conducted on timber piles. Timber piles are not used in current
bridge construction in Minnesota or elsewhere. Furthermore, over half of the piles (62) in the
Flaate database were driven with gravity hammers, while the remaining piles (54) were driven
with diesel or steam hammers. Gravity hammers are rarely used in driving piles mostly for small
projects or restrike, but not for typical bridge foundations. The database was analyzed by Long
and Maniaci (2000) accordingly and the relationships between predicted and measured pile
capacities are presented in Table 2 and plotted in Figure 2.
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2000)
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Table 2. Statistical parameters for Q,/Qn, values for all load test data from Flaate 1964.
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Figure 2. Predicted versus measured capacity from Flaate 1964 (Long and Maniaci, 2000)
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2.2.3 Olson and Flaate, 1967

The database used by Olson and Flaate (1967) is nearly identical to the database used by Flaate
(1964). The predicted versus measured relationships, and the statistical parameters presented by
Olson and Flaate (1967) are similar to those determined by Flaate (1964). The Olson and Flaate
database also includes piles driven by gravity hammers and other types of hammers and no
seperation of data based on hammer types took place. Olson and Flaate suggested that Gates
equation could be modified to provide a better statistical fit between predicted and measured pile
capacities. The modifications to the Gates formula were provided based on piles driven with all
hammer types other than gravity hammers:

R, = 1.11,/e = E, log(10N) — 34; Timber Piles (4)
R, = 1.39,/e * E;log(10N) — 54; Concrete Piles (5)
R, = 2.01,/e » Elog(10N) — 166; Steel Piles (6)
R, = 1.55,/e * E;log(10N) — 96; All Piles (7)

Where units of R, are in kips, N is in blows per inch and E; is in units of ft-1b.

2.2.3.1 Fragaszy et al., 1988, 1989
The statistical reslts of the predicted over the measured capacities reported by Fragaszy et al., are
presented in Table 3 and are plotted in Figure 3.

A comparison of the four methods, EN, Hiley, Janbu, and Gates can be made using the statistical
parameters presented in Table 3. The EN formula overpredicts capacity by a factor of 2.58, while
the Hiley and Janbu methods are fairly neutral. The Gates method underpredicts capacity by a
factor of 0.63 indicating that recalibration of the original Gates equation is necessary. The scatter
quantified by the magnitud of standard deviation, shows that the Gates method possesses the
least scatter with a standard deviation of 0.307.

As presented in the previous section, the Gates method was modified to develop a better fit
between measured and predicted capacity, so identical procedures were repeated to develop a
modified Gates equation from Fragaszy’s data, leading to the following relations for all piles
except timber:

R, = 1.46,/eE, log(10N,) + 26 (8)

Where R, is in kips and E; is in ft-1b.
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Figure 3. Predicted versus measured capacity from Fragaszy 1988, 1989 (Long and
Maniaci, 2000)

Table 3. Statistical parameters for Q,/Qm values for all load test data from Fragaszy 1988,
1989 (Long and Maniaci, 2000)

Method Hin |4 Oin
EN 0.950 2.58 0.610
Hiley 0.045 1.05 0.438
Janbu -0.060 0.94 0.437
Gates -0.459 0.63 0.307

2.2.3.2 Paikowsky et al., 1994

Two large datasets were collected and interpreted in this study. One set (labled PD/LT) had 208
dynamic measurements on 120 piles tested statically to failure. The other set (labled PD)
contained 403 piles monitored during driving without static load tests. The measured and
predicted capacities reported by Paikowsky et al., 1994, are plotted in Figure 4. The Measured
Energy (ME) method (termed so by Long and Maniaci, 2000) is what described as the Energy
Approach by Paikowsky (1982), Paikowsky et al. (1994), Paikowsky and Stenerson (2000) and
Paikowsky et al. (2004). Measured maximum displacement and energy from dynamic
measurements are employed along with driving resistance (set) in energy equilibrium equation to
provide highly accurate long term pile capacity during driving. The pile capacity predictions
utilizing the Energy Approach results are plotted in Figure 4, for predictions made with driving
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behavior recorded at the end of driving (EOD) and the predictions made by allowing the pile to
set for several days and then recording the driving behavior at the beginning of restrike (BOR).
The ME approach using EOD data appear to predict capacity well and a very small degree of
scatter. Statistics for the ME approach and the other methods are presented in Table 4 for both
EOD and BOR conditions.
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Figure 4. Predicted versus measured capacity from Paikowsky et al., 1994 (Long and
Maniaci, 2000)

Table 4. Statistical parameters for Q,/Qn values for all load test data from Paikowsky et
al., 1994. (Long and Maniaci, 2000)

Method Win p Oin
ME-EOD 0.04 1.03 0.309
ME-BOR 0.22 1.25 0.303

CAPWAP-EOD -0.31 0.73 0.398
CAPWAP-BOR -0.18 0.83 0.304
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This dataset provides insight into possible errors associated with the dynamic formulas
investigated previously. For example, a very similar formula to the EN formula was used for the
ME approach, but the correlations are improved. A possible reason for improved accuracy may
be because pile dynamic monitoring results in more reliable estimates for energy delivered to the
pile and the quake developed by the pile as compared to the rough estimates of hammer energy.
(Long and Maniaci, 2000). A detailed analysis and explanations are provided by Paikowsky et al.
(1994) and the aforementioned references (not detailed by Long and Maniaci, 2000).

2.2.3.3 Davidson and Townsend, 1996

The measured and predicted capacities reported by Davidson and Townsend, 1996, are plotted in
Figure 5, and statistical results are presented in Table 5. All the data presented are related to
concrete piles driven in Florida. The predicted capacities were obtained using PDA data and
analysis, CAPWAP analyses, and static method evaluation using SPT94. There are two estimates
of capacity using the PDA (the Case Method) and CAPWAP under both driving conditions,
EOD and BOR.
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Figure 5. Predicted versus measured capacity for Florida DOT from Davidson and
Townsend, 1996 (Long and Maniaci, 2000)
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Table 5. Statistical parameters for Q,/Qm values for all load test data from Davidson
and Townsend, 1996 (Long and Maniaci, 2000)

Method Win p Oin
PDA-EOD -0.171 0.84 0.298
PDA-BOR 0.070 1.07 0.266

CAPWAP-EOD -0.356 0.70 0.375
CAPWAP-BOR -0.052 0.95 0.317
SPT94 -0.626 0.53 0.734

2.2.3.4 Eslami, 1996

Eslami only considered methods that use results of cone penetration test to predict the static
capacity of piles. He investigated six methods and the graphical presentation of the predicted
versus measured capacities are provided in Figure 6. The statistical parameters for Q,/Qn values
are presented in Table 6. All methods provide a very narrow range and relatively small scatter
considering the static capacity prediction methods are very different from one method to another.
The predictions and the statistical parameters identify much better agreement between predicted
and measured capacity using cone methods than using other static methods such as the SPT94
method reported by Davidson et al. (1994).
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Figure 6. Predicted versus measured capacity from Eslami, 1996 (Long and Maniaci, 2000)
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Table 6. Statistical parameters for Q,/Qn, values for data from Eslami, 1996 (Long and
Maniaci, 2000)

Cone Method Win u O
Schmertmann -0.058 0.944 0.443
DeRuiter 0.002 1.002 0.390
French -0.063 0.939 0.447
Meyerhof 0.230 1.258 0.391
Tumay 0.142 1.153 0.374
Elsami 0.180 1.197 0.276

2.2.3.5 FHWA Database

The Federal Highway Administration (FHWA) made available their database described by
Rausche et al. (1996). Out of 200 pile cases, only 123 presented enough information for Long’s
study (Long and Maniaci, 2000). It needs to be noted that there is a major overlap between the
120 cases presented by Paikowsky et al. (1994) (see section 3.1.2.4) and this database, not
identified or commented by Long and Maniaci (2000), who used the database presented by
Paikowsky et al. (1994).

The so-called FHWA database was used to compare capacity predictions using BOR results with
predictions using EOD results. Only load tests were included in which pile capacities could be
predicted for both EOD and BOR. For each method, the mean (n) and standard deviation (oy,) for
the ratio Q,/Qm (predicted capacity to measured capacity) along with the number of load tests
used to assess the statistics are presented in Table 7. It is observed that the mean (p) for BOR
conditions is greater than the mean () for EOD for all predictive methods. This result is due to
the increase in pile resistance with time. A greater pile resistance for BOR conditions results in a
prediction of a greater capacity than that at EOD condition. The standard deviation (oy,) for all
methods decrease for BOR conditions as expected, since Q,/